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Abstract
Few studies have focused on nutrient-deficient diets and associated pathobiological dynamics of body composition and intestinal barrier func-
tion. This study evaluated the impact of a nutrient-deficient diet on physical development and intestinal morphofunctional barrier in mice.
C57BL/6 (21 days of age) mice were fed a Northeastern Brazil regional basic diet (RBD) or a control diet for 21 d. The animals were subjected
to bioimpedance analysis, lactulose test, morphometric analysis and quantitative reverse transcription-PCR to evaluate tight junctions and intes-
tinal transporters. RBD feeding significantly reducedweight (P< 0·05) from day 5, weight gain from day 3 and tail length from day 14. The intake
of RBD reduced total body water, extracellular fluid, fat mass and fat-free mass from day 7 (P< 0·05). RBD induced changes in the jejunum, with
an increase in the villus:crypt ratio on day 7, followed by reduction on days 14 and 21 (P< 0·05). Lactulose:mannitol ratio increased on day 14
(P< 0·05). Changes in intestinal barrier function on day 14were associatedwith reductions in claudin-1 and occludin, and on day 21, there was a
reduction in the levels of claudin-2 and occludin. SGLT-1 levels decreased on day 21. RBD compromises body composition and physical devel-
opment with dynamic changes in intestinal barrier morphofunctional. RBD is associated with damage to intestinal permeability, reduced levels
of claudin-1 and occludin transcripts and return of bowel function in a chronic period.
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Malnutrition is a serious public health problem, especially in
developing countries(1). In 2020, approximately 149·2 million
children under 5 years of age were affected by stunting, and
approximately 45·4 million children under 5 years of age were
affected by wasting(1). The WHO has indicated a reduction in
rates of both in recent years; however, it is estimated that the eco-
nomic crisis caused by pandemic COVID-19 increased the num-
ber of children affected by wasting by 15 % and is expected to
increase the number of children affected by stunting in the com-
ing years(2). Nutritional deficiency, especially in the first years of
life, is associated with impairment of the immune system(3),
increased susceptibility to infectious diseases(4), growth

development(5), cognitive deficit(6) and increased susceptibility
to chronic diseases in adulthood(7), such as type II diabetes,
CVD, obesity, hypertension and dyslipidaemia.

Animal models provide a better understanding of the patho-
physiology associated with malnutrition. Different types of diets
with nutritional deficiency have been evaluated for malnutrition
in animal models(7–10), including the Northeastern Brazil regional
basic diet (RBD). RBD is a diet deficient in nutrients that mimics
the dietary deficiencies of populations with low socio-economic
status in the Brazilian semi-arid region(11). Since the first publication
of the RBD, the diet has been explored to better understand the
impact of acute or chronic malnutrition on the gastrointestinal
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tract(12,13), the transmission of maternal–fetal malnutrition(12), the
development of environmental enteropathy(14) and the induction
of the vicious cycle of enteric infection and malnutrition(15), among
others(16–18).

The intestinal morphofunctional barrier is the largest surface
area of the body and has vital life-maintaining functions, such
as digestion, secretion, absorption of nutrients, electrolytes and
water and defense function, recognition of microflora, food and
toxin antigens(19). Insufficient energy consumption leads the body
to important physiological changes formaintaining the function of
vital organs(20). The intestinal mucosa has a high capacity for self-
renewal and is quickly affected bymalnutrition(21). In this context,
a better understanding of the intestinal morphofunctional dynam-
ics in malnutrition is extremely important for the development of
effective treatments. Thus, the present study aimed to assess the
temporal impact of RBD consumption in the post-weaning period
on body composition, morphology and intestinal barrier function.

Methods

Animals, diet and experimental design

C57BL/6malemice (21 days old) were obtained from the Animal
Industry Sector of the Department of Physiology and
Pharmacology of the Federal University of Ceará. Themice (total
of fifty-six) were maintained in boxes with wood shaving under
the following conditions: temperature of 22 (SEM 2°C), humidity
of 60 (SEM 5) %, light/dark cycle of 12/12 h and free access to food
and water. All procedures were conducted in accordance with
the guidelines of the National Council for the Control of
Animal Experimentation and approved by the Ethics
Committee on the Use of Animals of the Federal University of
Ceará (protocol 17/15).

Mice were randomly distributed in the nourished and mal-
nourished groups (n 6 for group). Malnutrition was induced
by the consumption of RBD (malnourished group), while
healthy status was induced by the consumption of the control
diet (nourished group). The RBD and control isoenergetic diets
were purchased from the company Rhoster® (Araçoiaba da
Serra), and the composition of the diets is shown in Table 1.
The animals were evaluated on day 0 and every two subsequent
days for body weight and food and water consumption. Tail
length was measured on day 0 and every 7 d after. On days 7,
14 and 21, the mice were subjected to body evaluation using
electrical bioimpedance (ImpediVET® device), and the small
intestine samples were collected for morphometric analysis
and of the genes of intestinal transporters and tight junctions.
Jejunum and ileum samples were collected after intramuscular
anaesthesiawith 90mg/kg of ketamine and 10mg/kg of xylazine
and stored at−80°C or 10 % formaldehyde, and the animals were
euthanised by exsanguination. The mice were also subjected to
the lactulose and mannitol test protocols to analyse intestinal
barrier function.

Measurement of body development

Tail lengthmeasurement is a parameter used in preclinical studies
to estimate animal development in a non-invasive manner(14).

The mice were positioned on a surface, the tail was extended dis-
tally and straight and the tailwasmeasured frombase to tip using a
digital calliper (Mitutoyo® Precision Measuring Tools). The mea-
surements were performed on days 0, 7, 14 and 21.

Electrical bioimpedance

After anaesthesia, the animals were placed on a non-conductive
surface with posterior and anterior limbs extended
perpendicular to the body, and the tail was extended distally.
Four needles (25 × 12 gauge) were used as electrodes, inserted
in the sub-dermal region along the dorsal midline. The central
electrodes were inserted in the medial region between the ears
and at the base of the tail, intercepting the imaginary line of the
thigh muscle with the midline of the body. Peripheral electrodes
were inserted between the eyes, approximately 1·0 cm from the
electrode between the ears, and in the tail, approximately 1·0 cm
of the electrode at the base of the tail. The needles were then
attached to the ImpediVET® device, a single-channel tetra polar
bioimpedance spectroscopy device that scans 256 frequencies
between 4 and 1000 kHz in less than a second. The species,
sex, age, length between central electrodes and body weight
information were input to the equipment. An electric current
was activated, and the resistance and reactance bioimpe-
dance parameters were obtained from a single spectrum from
4 to 1 MHz in a series of 256 points. The device uses a complex
impedance plot to determine total body water, extracellular
fluid and intracellular fluid. The fat-free mass, fat mass and
BMI were calculated using software coupled to the device,
which uses values predefined for mice by the manufacturer(22).

Table 1. Composition of the regional basic diet and the control diet
(Percentages)

Control diet RBD

% %kcal % %kcal

Energy, kcal/g 3·7 – 3·7 –
Macronutrients
Carbohydrates 58·21 63·41 73·47 83·94
Lipids 6·08 14·90 2·42 6·22
Protein 19·91 21·69 8·61 9·84
Fibre 3·7 – 2·94 –

Micronutrients
Minerals 3·8 – 2·65 –

Total 100 100
Ingredient % %
Maize starch 27·829 49·91
Casein 23·151 6·36
Dextrinized starch 4·202 6·27
Dextrose or D-glucose anhydrous 23·343 22·40
Inulin 2·334 2·24
Sucrose 0·00 0·49
Soya oil 6·536 2·09
Cellulose MC-101 7·003 6·72
Mineral mix Ca P K (RH9531UI) 0·934 0·45
Bibasic calcium phosphate 1·214 0·99
Calcium carbonate 0·514 0·00
Potassium citrate 1·541 0·73
Vitamin mix AIN-76 (RH9505UI) 0·934 0·90
L-Cystine 0·280 0·10
Sodium chloride 0 0·17
Choline bitartrate 0·187 0·18
Total 100 100
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Intestinal morphometry

Samples of the jejunum and ileum were sectioned longitudinally
and fixed in 10% formaldehyde buffer for 18 h. After the fixation
period, the material was dehydrated, embedded in paraffin, cut to
5·0 μm sections using an impact microtome (Polycut S) and
stained with haematoxylin and eosin. Subsequently, with the
aid of an optical microscope coupled to the image acquisition sys-
tem (LEICA) and ImageJ software version 1.5a (National Institutes
of Health), the heights of ten villi and the depths of ten crypts of
each cut were measured to calculate the villus:crypt ratio.

Lactulose/mannitol test for intestinal barrier function
studies in vivo

For sample collection, animals from both groups were kept in
metabolic cages for a period of 24 h with an isoenergetic low-
carbohydrate diet (Rhoster®) before days 7, 14 and 21, 16 h
corresponding to the period of adaptation to the collection envi-
ronment and 8 h of fasting. We conducted experimental groups
only for this test, so that the 8-h fasting would not interfere with
other analyses. After fasting, all animals received 250 μl of the test
solution by gavage, containing 5·0 g of lactulose (Duphar
Laboratories) and 1·0 g of mannitol (Henrifarma Chemicals
and Pharmaceuticals LTDA) dissolved in 20 ml of water. Urine
samples preserved in 0·236 mg/ml chlorhexidine (Sigma
Chemical®) were collected 24 h after the test solution was
administered. The volumes of the samples were registered
and centrifuged at 10 000 rpm for 3 min, and then 50 μl of a sol-
ution of the internal standard (3·6 mM of melibiosis diluted in
2·9 ml of distilled water) was added to 50 μl of each sample.
The solution was deionised and centrifuged (10 000 rpm for
3 min), and 50 μl was used to determine sugar by high-pressure
liquid chromatography on an UltiMate 3000 instrument (Thermo
Fisher Scientific®). Two standard carbohydrate solutions were
used to calibrate the system at the beginning and between the
testing of each group. The standards contained 60 μM of sugars:
glucosamine, mannitol, melibiose and lactulose (group I) and
inositol, sorbitol, glucose and lactose (group II). Groups I and
II were applied at a concentration of 0·1 mM to determine the
intra-experiment variation. The concentrations of lactulose
and mannitol were measured for all experimental groups using
high-pressure liquid chromatographywith pulsed amperometric
detection, as previously described(23).

Evaluation of gene transcription of tight junctions and
intestinal transporter proteins

Gene transcription of the zonula occludens-1 (ZO-1), occludin,
claudin-1 (CLAU-1), claudin-2 (CLAU-2), peptide transport 1
(PEPT-1) and SGLT-1 was determined by quantitative reverse
transcription-PCR. The reference gene for normalisation was
18S. RNA extraction from total jejunum samples on days 7, 14
and 21 was performed according to the RNeasy Lipid Tissue
Mini Kit protocol (Qiagen®). Then, 1 μg of the total isolated
RNA was used for cDNA synthesis using the iScript cDNA
Synthesis Kit (Bio-Rad®), according to the manufacturer’s
instructions. For the reaction, 10 μl of Syber Green PCR Master
Mix (Applied Biosystems), 2·0 μl of each primer (0·2 μM) and

1·0 μl of cDNA from samples were used, and nuclease-free water
was added to an end volume of 20 μl. The sequences and
annealing conditions obtained from the National Center for
Biotechnology Information website for each investigated gene
are listed in Table 2. The data obtained were based on the values
of the threshold cycle, in which the observed fluorescence was
ten times greater than the baseline fluorescence for each qPCR
assay. All amplifications were evaluated for the melting curve
and performed to ensure the specificity of the amplification
and to detect the formation of initiator dimers or any other
non-specific product. From the values of the quantitative cycle
(Cq/Ct), the relative levels of RNA were calculated according
to the 2–ΔΔCt method(24).

Evaluation of relative protein expression of tight junctions
and intestinal transporter proteins

The investigation of protein expression of tight junctions and
transporters involved in the regulation of the intestinal barrier
was carried out using western blotting. The jejuna isolated from
the animals were homogenised in RIPA buffer (Thermo Fisher
Scientific®) with protease inhibitor (1 ml inhibitor: 100 ml
RIPA) and centrifuged at 10 000 rpm for 10min. The total amount
of protein in each sample was measured using the PierceTM BCA
protein assay kit (Thermo Fisher Scientific®). Samples (120 μg of
protein) were prepared by adding Laemmli buffer (Bio-Rad)
with β-mercaptoethanol (Bio-Rad®), denatured at 99°C for
5 min. Proteins were separated by SDS-PAGE (8–10 % for
SGLT-1, PepT-1 and occludin; 15 % for claudin-1 and -2), trans-
ferred to polyvinylidene difluoride membrane, blocked with 5 %
bovine serum albumin for 1 h and incubated with primary rabbit
antibody: anti-GAPDH (1:1000), anti-SGLT-1 (1:500), anti-PEPT-
1 (1:200), anti-occludin (1:1000), anti-claudin-1 (1:200) and anti-
claudin-2 (1:200) (Santa Cruz Biotechnology®). The membranes
were also incubated for 1·5 h with the secondary antibody and
then developed using the Clarity Western ECL Substrate kit (Bio-
Rad®) and the ChemiDoc system (Bio-Rad). The densitometric
quantification of the bands was analysed using ImageLab 6.0
software (Bio-Rad®).

Statistical analysis

Parametric data were analysed by Student’s t test or ANOVA fol-
lowed by the Bonferroni post-test for paired data. Non-paramet-
ric data were analysed using the Mann–Whitney test. The
parametric results are presented as mean values with their stan-
dard error of the mean, and the non-parametric results are pre-
sented as median and minimum to maximum. All tests were
analysed using GraphPad Prism® software, and the results were
considered significant at P< 0·05.

Results

Regional basic diet effect in body composition and
development of weanling mice

The consumption of RBD caused a significant reduction (P< 0·001)
in the weights of malnourished animals from day 5 to day 21 when
compared with the nourished animals (Fig. 1(a)). Weight gain
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decreased significantly (P< 0·001) in the malnourished group from
day 3 when compared with the malnourished group (Fig. 1(b)).
Malnourishedanimals increased theirweight and significantly gained
weight over time (P< 0·001), in which weight increased from day 7
and weight gain increased from day 9 when compared with the val-
ues measured on day 0 (Fig. 1(a) and (b)). Tail length was signifi-
cantly shorter (P< 0·05) in the malnourished group than in the
nourished group ondays 14 and 21 (Fig. 1(c)). Chronic consumption
of the RBD diet compromised the animals’ body development
(Fig. 1(d)) regardless of feed consumption because there was a sig-
nificant difference (P< 0·05) in the consumptionbetween thegroups
only on day 3 (Fig. 1(e)). The malnourished group consumed
18·55% less feed than the nourished group only on day 3 (nourished
3·45 (SEM 0·08) v. malnourished 2·81 (SEM 0·15) g), whereas water
consumption was 31·19% higher in the malnourished group than
in the control group only on day 21 (nourished 7·5 (SEM 0·5) v. mal-
nourished 10·9 (SEM 0·6) ml, P< 0·05, Fig. 1(f)).

Considering the body composition of the animals, total body
water significantly reduced (P< 0·05) in themalnourished group
compared with the nourished group from day 7 (Fig. 2(a)). The
extracellular fluid significantly reduced (P< 0·05) in the mal-
nourished group compared with the nourished group on days
7, 14 and 21 (Fig. 2(b)). In contrast, intracellular fluid significantly
reduced in the malnourished group when compared with the
nourished group on days 7 (nourished 3·15 (SEM 0·22) v. malnour-
ished 1·88 (SEM 0·25) ml, P< 0·01) and 14 (nourished 3·85 (SEM
0·16) v. malnourished 2·81 (SEM 0·33) ml, P< 0·05, Fig. 2(c)).
In addition, the RBD diet caused a significant reduction
(P< 0·01, P< 0·05) in the fat-free mass (Fig. 2(d)) and fat mass
(Fig. 2(e)) on days 7, 14 and 21 when compared with those of
the nourished group. However, the BMI did not change at any
of the analysed time points (Fig. 2(f)).

Temporal effect of regional basic diet consumption on
intestinal morphology

RBD intake dynamically altered themorphometry of the portions
of the jejunum (Fig. 3) and ileum (Fig. 4) over time. A significant
reduction (P< 0·01) in the crypt depth and a significant increase
(P< 0·05) in the villus:crypt ratio in the jejunum of malnourished
animals were observed on day 7. No significant changes were

observed in the ileum on day 7. On the other hand, on the
14th day the villus:crypt ratio significantly reduced (P< 0·05)
in the jejunum of malnourished animals (Fig. 3(c)), without sig-
nificant changes in villus height and crypt depths, while in the
ileum a significant reduction was observed (P< 0·001) at
the height of the villi of the malnourished animals (Fig. 4(a)).
On day 21, there was a significant reduction (P< 0·05) in the
height of the villi (Fig. 3(a)) and maintenance in the reduction
of the villus:crypt ratio in the jejunum of malnourished animals
(Fig. 3(c)), without significant changes in the ileal portion
(Fig. 4(c)).

Temporal effect of regional basic diet consumption on
intestinal barrier function

RBD also caused time-dependent changes in intestinal per-
meability. When assessing the percentage of lactulose excretion,
it was possible to observe a significant reduction (P< 0·01,
P< 0·05) in the malnourished group compared with the nour-
ished group on days 7 and 14 (Fig. 5(a)). The percentage of man-
nitol excretion was also significantly reduced (P< 0·05) in
malnourished animals when compared with that observed on
days 7 and 14 (Fig. 5(b)). The lactulose:mannitol ratio increased
significantly (P< 0·05) in malnourished animals compared with
that in animals fed on day 14 (Fig. 5(c)). No significant changes in
intestinal barrier function were observed on day 21.

Temporal effect of regional basic diet consumption on the
relative transcription of tight junctions and intestinal
transporters

Analysis of the relative infrastructure of protein-forming proteins
in the jejunum allowed us to assess the dynamics of changes
in the molecular architecture of the intestinal barrier. The rel-
ative transcription of clau-1 was significantly reduced
(P< 0·05) in the malnourished group compared with the nour-
ished group on day 14 (Fig. 6(a)), whereas Clau-2 was signifi-
cantly reduced in the malnourished group compared with the
nourished group on day 21 (Fig. 6(b)). The relative transcription
of occludin was significantly reduced (P< 0·05) in the malnour-
ished group compared with that in the nourished group on

Table 2. Genes, primers, accession number and conditions of quantitative reverse transcription -PCR

Genes Primer sequence (5’-3’) NCBI no. Annealing conditions*

Claudin-1 TCTACGAGGGACTGTGGATG NM_016674·4 20’, 58°C
TCAGATTCAGCAAGGAGTCG

Claudin −2 CCCACCACCACCAGCTTAAT NM_016675·4 20’, 60°C
GAAATGGCTTCCAGGTCAGC

Occludin AAGAGCAGCCAAAGGCTTCC NM_008756·2 20’, 60°C
CGTCGGGTTCACTCCCATTA

ZO-1 GACCATCGCCTACGGTTTGA NM_001163574·1 20’, 60°C
AGGTCTCGGGGATGCTGATT

SGLT-1 CGGAAGAAGCGATCTGAGAA NM_019810·4 20’, 58°C
AATCAGCACGAGGATGAACA

PepT-1 AGGGGAGAACGGAATCAGGT NM_053079·2 20’, 60 °C
CTTTTCGCCAGAAGGGAAGA

18S AATGCTGGACCAAACACAAA NM_008907·1 20’, 58°C
TTCCACAATGTTCATGCCTT

* Total of forty cycles, all cycles started with the denaturation stage (20 s at 95°C) and ended with an extension stage (45 s for 1 min at 72°C).
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days 14 and 21 (Fig. 6(c)). In contrast, the relative transcription
of ZO-1 was not altered at any time point analysed (Fig. 6(d)).

The consumption of RBD also altered the analysis of the rel-
ative transcription of intestinal transporters. The relative tran-
scription of PEPT-1 increased significantly (P< 0·05) in the
malnourished group compared with the nourished group only
on day 7 (Fig. 6(e)). The SGLT-1 levels increased significantly
on days 7 and 14 in the malnourished group when compared
with the nourished group; however, the GLUT decreased

significantly on day 21 in the malnourished group when com-
pared with the nourished group (Fig. 6(f)).

Temporal effect of regional basic diet consumption on the
relative protein expression of tight junctions and intestinal
transporters

The evaluation of the relative protein expression of tight junc-
tions and intestinal transporters allowed us to identify those
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alterations found for relative transcription were not the same for
protein expression. On day 7, we observed a trend towards
increased protein expression of SGLT-1 and PepT-1 in malnour-
ished animals compared with nourished ones, but with no sig-
nificant difference (P> 0·05) (Fig. 7(a)). On day 14, the
relative protein expression of SGLT-1 and occludin showed a
trend (P> 0·05) to increase in malnourished animals when com-
pared with nourished animals (Fig. 7(b)). Regarding day 21, we
observed a certain trend (P> 0·05) towards increased protein
expression of SGLT-1, Clau-2 and occludin in the malnourished
group when compared with the control group (Fig. 7(c)).

Discussion

In this study, the ingestion of RBD triggered atrophy in body
development; compromised body composition; and affected
intestinal morphological histology, intestinal barrier function

and mRNA levels of tight junctions and intestinal transporters,
which are essential proteins for maintaining the morphofunc-
tional barrier and adequate nutrient absorption, respectively

Nutritional deficiency during early childhood is directly
related to short- and long-term consequences resulting from
adaptive epigenetic responses(25). In this context, the develop-
ment of weanling animal models has helped to better under-
stand the pathophysiology associated with multi-deficient
diets(9,25,26). Our results, which differed from those of studies
reported in the literature, allowed a temporal assessment of
changes triggered by a diet exhibiting multiple nutrient defi-
ciencies, based on food composition intake in the
Northeastern Brazil, in the body composition, intestinal mor-
phology and barrier function, and physical development of
weanling rodents.

RBD is an experimental diet low in lipids, proteins and miner-
als and rich in carbohydrates,which is characteristic of diets acces-
sible to low-income populations in Northeastern Brazil(11).
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RBD-induced malnutrition in weanling mice is characterised by
rapid weight reduction and weight gain(12–14) and a late reduction
in tail length(14). Our results show that RBD reduces weight gain
early, followed by a reduction in weight in the first week and
impaired growth from the second week of consumption of
RBD, without changes in BMI due to both weight and length def-
icits. Our results were similar to the literature, even with our RBD
lipid values being higher than in other studies(11,12,27). In the liter-
ature, we have observed a variation of 0·8%(11,12,27) to 8·2%(13) of
fat, in this sense our studymaintained a percentage of 6·2%kcal of
fat, thus within this percentage variation. In addition, changes in
weight, weight gain and tail length occurred without changes in
diet consumption, probably because diets were isoenergetic.
Most studies with nutrient-deficient and isoenergetic diets do
not report food consumption in the groups(12,14–16), except for
Sampaio et al.(13) who observed differences in feed intake on
day 2.

The consumption of RBD in this study led to reduced total
body water, extracellular fluid, fat mass and fat-free mass from
day 7, while intracellular fluid decreased on days 7 and 14.

Bioelectrical impedance is rarely considered in animal studies,
and to date, no study has analysed the body composition of ani-
mals in nutritional deficiency models. However, it is known that
the metabolism of several organs in malnutrition is sustained by
the mobilisation of fat and protein reserves when protein con-
sumption is insufficient to maintain protein metabolism(28).
Therefore, our results show that the nutritional deficiency of
the RBD diet is capable of compromising the animals’ body
energy reserves. In addition, the absence of oedema occurred
even as increased water consumption in malnourished animals.
In the clinic, severe acute malnutrition may present with the
presence or absence of oedema(29). Studies indicate that a
low-protein diet decreases urine concentration capacity and free
water reabsorption in the kidney due to synergistic or contribu-
tory changes, such as reduced corticomedullary osmotic gra-
dient, reduced plasma amino acids, hydrosmotic effect of
decreased ADH, among others(30). Therefore, a possible change
in water reabsorption in the kidney triggered by protein defi-
ciency in RBD may explain the increase in water consumption
and absence of oedema in the present study.
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Differentiation of intracellular and extracellular fluids is
important for nutritional assessment(31). Chronic malnutrition is
reported to compromise the growth of intracellular fluids and
induce increases in extracellular fluids over time(32). However,
in this study, RBD caused atrophy of extracellular fluid from early
to chronic, while intracellular fluid atrophied on days 7 and 14,
with a return to baseline in a more chronic period. Intracellular
fluid provides a baseline for measuring oxygen consumption,
energetic requirements and BMR, while extracellular fluid

indicates most collagen-derived tissues, as well as interstitial
fluid and plasma(33). Cheek et al.(34) reported that the restoration
of the cell phase or metabolically active protoplasm is of great
importance for maintaining metabolism. Therefore, the return
of intracellular fluid to the basal state indicates restoration of
the metabolic rate on the 21st day.

The gastrointestinal tract is the first system directly affected by
changes in nutrient intake, exhibiting rapid physiological and
morphological changes(35). In this study, RBD also triggered
adaptive responses in intestinal barrier function. In a short time,
RBD triggered atrophy of crypts and an increased in the villus:
crypt ratio of the jejunum without altering the morphology of
the ileum. Then, the RBD atrophied the absorptive area of the
jejunum and reduced the height of villi in the ileum; and, in a
chronic period, the RBD reduced the height of villi and the
absorptive area in the jejunum. The morphological changes
observed in this study are different from those reported in the
literature; however, no work to date has evaluated the temporal
effect of the RBD diet on the intestinal morphofunctional barrier.
A study similar to ours showed that RBD-induced malnutrition
reduces the height of the ileal crypt in a short period(13). On
the other hand, a model of RBD-inducedmalnutrition caused vil-
lus dullness, promoted crypt depth and decreased the villus:
crypt ratio in the jejunum at 14 d(16). However, another study
showed that malnutrition in weanling mice due to a diet similar
to RBD caused no morphological changes in any portion of the
intestine analysed after 21 d(14). The intestinal barrier is highly
dynamic and changes easily(36). Therefore, our results show
an increase in the absorptive area in the initial phase that is
not sustained in a later period, likely due to RBD protein
deficiency.

In clinical settings, malnourished children exhibit greater
intestinal permeability(37,38). Experimental models, mainly mod-
els of chronic malnutrition, also indicate damage to the intestinal
cell barrier(12,14). In this context, the lactulose and mannitol test
(L/M) is a consistent, non-invasive and sensitivemarker for intes-
tinal barrier function(39,40). In the present study, intestinal barrier
function changed dynamically over time. RBD-induced malnu-
trition caused a reduction in the total absorptive area and para-
cellular permeability, with no indication of damage to the barrier
on day 7. In contrast, day 14 showed a reduction in the absorp-
tive area, increased paracellular permeability and consequent
barrier damage that was reversed on day 21 inmalnourished ani-
mals, consistent with restoration of the metabolic rate.

The L/M test is widely used in clinics to diagnose environ-
mental enteropathy(41–43) and verify the effectiveness of treat-
ments for malnutrition and diarrheal infections(21,37,38). The
moderate acute malnutrition-induced RBD did not alter transepi-
thelial resistance during substrate absorption, indicating that in
acute models, the diet does not affect paracellular permeabil-
ity(13), in contrast to the present study. A porcinemodel also iden-
tified that transepithelial resistance was not altered during acute
malnutrition(44). No RBD-induced malnutrition model showed
changes in intestinal permeability on day 14, but a model similar
to ours, with weanling mice challenged with an RBD-like diet
showed barrier damage on day 21(14). Changes in intestinal
barrier function on day 14 were concomitant with a reduction
in cell mass, muscle mass and adipose tissue, indicating a
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reduction in energy reserves necessary for repair response. The
absence of changes in intestinal barrier function on day 21 may
be due to the return of the metabolic rate, indicated by the
absence of changes in intracellular fluids.

Several proteins constitute tight junctions and have complex
distribution, regulation and functional characteristics(45–47).

Overexpression of occludin in epithelial cells in vitro triggers
an increase in transepithelial electrical resistance and an unex-
plained increase in the flow of uncharged solutes(48,49). In con-
trast, claudin-1 plays a crucial role in barrier formation in
several organs(47). Unlike claudin-2, which plays a role in pore
function, is indispensable for Naþ absorption in mice(45). Our
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results showed that RBD did not stimulate any change in the lev-
els of transcripts of tight junctions on the 7th day, but on the 14th
triggered reduction in the levels of claudin-1 and occludin, and
on day 21st levels of claudin-2 and occludin were reduced, no

significant changes in protein levels. Claudins are a family of
twenty-seven proteins that are considered the most important
constituents for the maintenance of intestinal epithelial barrier
homoeostasis(50). In the literature, different models of nutritional
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deficiency consumption showed different modulations in tran-
script levels and the expression of firm junctions, but no work
reported temporal changes in these proteins. For example, a
model ofmoderate acutemalnutritionwith RBD in post-weaning
mice showed increased levels of claudin-2 and occludin mRNA
in the ileum, with no change in protein expression(13). Post-
weaning RBD-induced malnutrition results in a reduction in
ZO-1 mRNA levels and an increase in claudin-2 levels during
the chronic period(14). RBD-induced malnutrition in neonates
triggered an increase in the expression of claudin-3, but not clau-
din-1, occludin and ZO-1 expression(12). In contrast, severe pro-
tein deprivation has been reported to decrease the protein
expression of claudin-1, but with no change in the expression
of occludin in the small intestines of neonatal rats(51).
Therefore, these data show that mRNA transcription and expres-
sion of tight junction proteins are highly dynamic, complex and
dependent on various experimental and animal conditions.

Morphological and functional changes can promote benefi-
cial or harmful effects on the transport of nutrients and ions,
resulting from an adaptive mechanism to malnutrition(35). In
the present study, RBD-induced malnutrition in PEPT-1
mRNA levels increased only on day 7, while SGLT-1 mRNA lev-
els increased on days 7 and 14 and decreased on day 21, no
changes in protein levels. The regulation of gene expression
of intestinal transporters is complex and can be altered under
different conditions(53). RBD induced an increase in the levels
of SGLT-1 and PEPT-1 transcripts in the ileum on day 7, with no
changes in protein expression(13). The levels of SGLT-1 trans-
porters are known to be highly correlated with the amount
of food carbohydrates(54). Studies indicate that a diet rich in
carbohydrates increases the expression and levels of SGLT-1
transcripts and consequently the absorption of glucose within
1–3 d(54,55). However, low protein diets stimulate an increase in
the expression of essential amino acid transporters, aiming at
cost benefits(35,56). Our data show an increase in the levels of
transporter mRNA initially to maintain adequate nutrient
absorption; however, energy deprivation over time does not
allow these changes to be observed in protein expression
and promotes the reduction of these transporter mRNA lev-
els later.

The present study was limited by the lack of quantification of
protein expression and levels of claudin-15 andGLUT transcripts
together with the application of tests such as oral glucose toler-
ance and measurement of the blood amino acid profile would
allow identification of changes in the intestinal absorption of
nutrients, thus reinforcing the changes identified for transporters.
In addition, functional tests such as Ussing chambers associated
with transmission electron microscopy could better explain the
electrophysiological changes and distribution of proteins form-
ing firm junctions at the paracellular level triggered by RBD in
the intestinal epithelial barrier. Supplementation with alanyl-glu-
tamine or Zn could also be added as a possible treatment for the
effects of RBD. However, the present work shows that the intes-
tinal morphofunctional barrier can adapt positively to nutrient
deprivation, probably with the aim of maintaining intestinal
function. Thus, this research makes an important contribution
to better understand the impact over time that a multi-deficient

diet can have on important organs, such as the gastrointesti-
nal tract.

In conclusion, RBD delays weight gain and physical develop-
ment, changes body composition over a short period and indu-
ces long-term compositional alteration. In addition, a diet
deficient in nutrients triggers a dynamic response in the intestinal
function and morphology of the jejunum, which is associated
with changes in the transcript levels of firm junctions and intes-
tinal transporters. In a short period, RBD decreases the depth of
crypts and increases the vill/crypt ratio of the jejunum, decreas-
ing the total absorptive area and paracellular permeability, with
increased levels of transcripts from the PEPT-1 and SGLT-1 trans-
porters and without changing the transcript levels of tight junc-
tions. The greatest damage to the morphofunctional barrier
occurs in the intermediate period, with the reduction in the
vill/crypt ratio of the jejunum, height of the villi in the ileum, par-
acellular permeability and total absorptive area with indicative
barrier damage, which is associated with reduced transcript lev-
els of claudin-1 and occludin and increased levels of the SGLT-1
transporter. In late periods, the vill/crypt ratio of the jejunum
remains reduced in malnutrition, with a reduction in villus
height, with no changes in intestinal barrier function, but a reduc-
tion in the levels of claudin-2, occludin and SGLT-1 transcripts.
Thus, the present study provided monitoring of the main body
and morphofunctional changes resulting from the introduction
of a diet deficient in nutrients in a critical phase of physical devel-
opment, enabling a dynamic understanding of the acute and
chronic effects resulting from malnutrition and suggesting adap-
tive mechanisms in late periods, mainly in terms of intestinal
barrier function.
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